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We have developed a system for site-specific DNA integration in human cells, mediated by the adeno-
associated virus (AAV) Rep proteins. In its normal lysogenic cycle, AAV integrates at a site on human chro-
mosome 19 termed AAVS1. We describe a rapid PCR assay for the detection of integration events at AAVS1 in
whole populations of cells. Using this assay, we determined that the AAV Rep proteins, delivered in cis or trans,
are required for integration at AAVS1. Only the large forms of the Rep protein, Rep78 and Rep68, promoted
site-specific integration. The AAV inverted terminal repeats, present in cis, were not essential for integration
at AAVSI, but in cells containing Rep, they increased the efficiency of integration. In the presence of the Rep
proteins, the integration of a plasmid containing AAV inverted terminal repeats occurred at high frequency,
such that clones containing the plasmid could be isolated without selection. In two of the five clones analyzed
by fluorescence in situ hybridization, the plasmid DNA was integrated at AAVS1. In most of the clones, at least
one copy of the entire plasmid was integrated in a tandem array. Detailed analysis of the integrated plasmid
structure in one clone suggested a complex mechanism producing rearrangements of the flanking genomic

DNA, similar to those observed with wild-type AAV.

A number of methods have been developed for integrating
DNA at a specific location in the human genome. Site-specific
integration can be achieved by homologous recombination us-
ing the endogenous cellular machinery. Unfortunately, this
system is inefficient, and elaborate selection schemes are often
required to identify cells containing an integrated sequence (1,
13). Heterologous site-directed recombination systems, such as
those using the yeast FLP recombinase (41) or the bacterial
Cre recombinase (48), function in mammalian cells and can be
more efficient. The drawback of these systems is that the target
site does not preexist in the human genome and must be
introduced. A system combining the efficiency of site-directed
recombination with an endogenous target sequence would
have many applications for research and gene therapy in hu-
man cells.

Adeno-associated virus (AAV) is a human parvovirus with a
single-stranded DNA genome of 4.7 kb (reviewed in references
24 and 38). The genome consists of two open reading frames
encoding the Rep and Cap proteins, flanked at each end by
145-base inverted terminal repeats (ITRs). The ITRs are the
only sequences required in cis for viral replication, packaging,
and integration (18, 36, 45). In addition to the ability to form
an extensive stem-loop structure, each ITR contains binding
sites for the AAV Rep proteins, the Rep binding site (RBS)
(43, 50) and a sequence recognized by the Rep protein nicking
activity (the terminal resolution site [TRS]) (21). The RBS
consists of tandem repeats of the tetramer GAGC (11, 35).
The cap gene encodes three capsid proteins that form the viral
particle (38). The rep gene encodes four overlapping proteins:
the two large, Rep78 and Rep68, and the two small, Rep50 and
Rep42, proteins.
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The Rep proteins are essential for viral replication, integra-
tion, and rescue of the provirus. In vitro studies of the Rep
proteins have identified a sequence-specific binding activity
(11, 55), a sequence-specific endonuclease activity (21), an
ATP-dependent helicase (21), an ability to regulate transcrip-
tion from AAV and other promoters (4, 29, 30, 57), and an
ability to stimulate replication of AAV sequences (39, 54).
These activities reside in the Rep78 and Rep68 proteins. The
analysis of Rep binding by random oligonucleotide selection
demonstrated that although fragments containing repeats of
GAGC were preferentially bound, any fragment containing a
single GAGC tetramer followed by several G residues would
be bound by Rep at lower affinity (12).

AAV is capable of both latent and lytic infection. In the
presence of a helper virus, such as adenovirus or herpes sim-
plex virus, AAV initiates a productive viral infection. Prokary-
otic clones of wild-type AAV virus are also infectious. When an
AAV-containing plasmid is transfected in the presence of
helper virus, AAV excises and the normal lytic cycle begins (32,
44). In the absence of helper virus, AAV integrates at a specific
site on chromosome 19, termed AAVS1 (27, 28, 47). The
provirus can excise and replicate upon subsequent introduction
of a helper virus (10, 31, 36). The AAVSI region was originally
isolated as an 8.2-kb fragment (26), but recently Linden et al.
(33) have defined a 33-base sequence as the minimum required
for AAVSI1 function. Interestingly, this sequence contains a
RBS and a TRS very similar to those identified within the
AAYV ITRs, and mutations in either of these two elements in
AAVSI abolish site-specific integration.

The mechanism of AAV integration is not known, although
putative intermediates and proviral structures have been ana-
lyzed. In vitro binding studies have demonstrated that the Rep
proteins can mediate complex formation between the AAV
ITR and a 109-bp sequence from AAVSI containing the RBS
and TRS (55). Proviral structures have been recovered from
latently infected cell lines and from Epstein-Barr virus-based
shuttle plasmids containing the AAVSI region, and analysis
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has revealed several consistencies. One junction in the ge-
nomic DNA was frequently in or adjacent to the RBS within
AAVS], while the other genomic DNA junction did not in-
volve AAVSI sequences (15). The genomic DNA flanking the
insertion point was sometimes rearranged so as to produce
deletions, duplications, or translocations (15, 26, 36). With
respect to the virus, at least one of the junctions was within or
adjacent to the ITR or one of the rep promoter regions (15,
36). Tandem copies of the virus were often observed (10, 31,
36). The complexity of these structures suggests a multistep
mechanism for AAV integration.

A central role for the Rep proteins in AAV site-specific
integration is suggested by experiments using recombinant vi-
rus. Examination of 22 latently infected cell lines by Kotin et al.
(28) indicated that wild-type AAV integrated at AAVSI] in
approximately 70% of the lines. In a bronchial epithelial cell
line infected by AAV, 94% of the integration events were in
chromosome 19 (22). In contrast, a recombinant AAV (rAAV)
vector in which the rep and cap genes had been deleted was still
capable of integration but did not integrate at AAVSI (22). In
addition, TAAV or plasmids carrying an AAV provirus in
which the viral cap gene had been deleted, but retained Rep
activity, were still capable of integration at AAVSI1, demon-
strating that the Cap proteins are dispensable for site-specific
integration (49).

Based on these results, we speculated that it would be pos-
sible to achieve site-specific integration by using two plasmids:
an integrating plasmid containing AAV ITRs and the second
providing the AAV Rep proteins in trans. The advantage to
this system is that no replicating virus is used and only the
AAV ITRs, but no viral coding sequences, are integrated. In
addition, because no virus is packaged, there may be no con-
straints on the size of the integrating sequence. We first de-
scribe a rapid and sensitive PCR-based assay for integration at
AAVSI1 in whole populations of cells. Using this assay, we
detected site-specific integration with viral and plasmid con-
structs in the presence of Rep. Individual clones containing
integrated AAV sequences were isolated without selection and
characterized. Site-specific integration of the AAV sequences
was demonstrated by using fluorescence in situ hybridization
(FISH). Finally, the structure of one of the integrated se-
quences was determined, and a number of similarities with
AAV proviral structures were observed.

MATERIALS AND METHODS

The nucleotide coordinates used to describe the AAV clones refer to the AAV
sequence determined by Srivastava et al. (51).

Cell lines, vectors, and plasmids. The 293 cell line was derived from human
embryonic kidney cells transformed with sheared human adenovirus type 5 DNA
(American Type Culture Collection, Rockville, Md.). 293/WTAAYV, containing
AAYV integrated at AAVS1, was constructed by infecting 293 cells with wild-type
AAV. Random clones were isolated and tested for site-specific integration in a
PCR assay (see below). Escherichia coli DH5a was used as a host for all bacterial
transformations (17). The structure and encapsidation of rAAV, in which the
viral coding sequence has been replaced by a cytomegalovirus (CMV)-lacZ
fusion gene, and infection of virus into 293 cells have been described elsewhere
(23).

PAAYV, identical to psub201 (46), is a plasmid carrying a replication-competent
AAV provirus. Two mutant derivatives of pAAV were constructed. pAAVM1
contains a deletion in the cap region between the Apal sites at positions 2943 and
4040. pAAVM?2 was generated by digesting pAAV with BamHI, end filling with
Klenow enzyme, and ligating with T4 ligase, resulting in the insertion of four
extra bases. This frameshift mutation affects all four forms of Rep.

Plasmid pRepCap contains the entire AAV coding region without the ITRs
cloned into the NotI site of pBSII (Stratagene, La Jolla, Calif.). The insert in
this plasmid is identical to that of pAAVAd (45). pRep contains the AAV coding
region of pAAVMI without the ITRs cloned into a pBSII derivative. In
pRSVRepCap, the p5 promoter has been replaced with the Rous sarcoma virus
(RSV) promoter. Specifically, a fragment spanning positions +310 to +4484 of
AAYV was inserted downstream of the RSV promoter in place of the chloram-
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phenicol acetyltransferase gene in the expression plasmid pORSVCAT (Strat-
agene). p2ITRlacZ is a derivative of psub201 (46) in which the Xbal fragment
carrying rep and cap was replaced with an expression cassette fusing the CMV
promoter to lacZ. The CMV promoter consists of a 654-bp Spel-Sacll fragment
from —584 to +70 of the CMV immediate-early gene (7). The lacZ gene was
obtained as a Smal-Dral fragment from pCMVR (Clontech, Palo Alto, Calif.).
plITRlacZ is a derivative of p2ITRlacZ in which a 250-bp ITR-containing
fragment was deleted. This plasmid retains a single ITR 5’ of the CMV pro-
moter. The CMV-rep gene was constructed by fusing the Spel-Sacll fragment
containing the CMV promoter (see above) with an AAV fragment from +310 to
+2943 containing the rep gene and the 5’ end of the cap gene. The PGK-rep gene
was constructed by fusing a 534-bp AvrlI-Pstl fragment containing the PGK
promoter to an AAV fragment from positions +310 to +4484. A portion of the
cap gene was then deleted by removing the sequence between the Apal sites at
positions 2943 and 4040. The dihydrofolate reductase (DHFR) fragment used in
the transfection studies was a 370-bp AfIIII-BamHI fragment. The lacZ fragment
used in the transfection studies was a 1,113-bp Clal-Sacl fragment.

Plasmids that express individual Rep proteins were constructed by PCR-based
mutagenesis (20). All four Rep proteins are translated from the same open
reading frame. Therefore, to express only one of the large Rep proteins (Rep78
or Rep68), the ATG at position 993, corresponding to the first methionine of the
small Rep proteins (Rep52 and Rep40), was changed to GGA. Moreover, to
express only Rep78 or Rep52, derived from the unspliced mRNA, the splice
donor site was destroyed by changing AGG to CGC at position 1905. Rep68 and
Rep42, derived from the spliced mRNA, were expressed from a construct con-
taining a deletion of the entire intron sequence from positions 1907 to 2227. The
mutagenized rep genes were expressed by using the CMV promoter (see above)
or the native AAV promoters (p5 for Rep78 or Rep68 and p19 for Rep52 or
Rep40).

Probes. The AAVSI probe was the 3.5-kb EcoRI-Kpnl fragment from AAVS1
(26). The lacZ probe was the 4.5-kb NotI fragment from p2ITRlacZ containing
the CMV-lacZ cassette. The plasmid backbone probe was the 1.9-kb AfIII-
EcoRI fragment from pBR322 (6). The rep probe was the 4.1-kb Xbal-Xbal
fragment from psub201; it corresponds to bp 310 to 4484 of the AAV genome.

Primers. The AAVSI1 primers were 79 (5'-ACTTTGAGCTCTACTGGCT
TC-3'), 80 (5'-GGAGGATCCGCTCAGAGG-3'), and 107 (5'-CGGGGAGG
ATCCGCTCAGAGGTACA-3'). Primers 81 (5'-AGGAACCCCTAGTGATG
GAGT-3') and 100 (5'-CGGCCTCAGTGAGCGAGCGAGC-3') were derived
from the d and a regions of the AAV ITR, respectively (51). The plasmid back-
boneprimerwas5'-CGCCAGGGTTTTCCCAGTCACGAC-3'. The DHFR prim-
er was 5'-GGGGGTACCCAAATCGTGCATGCCGTCTAT-3', and the lacZ
primer was 5'-CCCGACCTCTCTATCGTGCG-3'. The two primers used in the
inverted PCR to recover the preintegration site were 5'-GGGTGAGGAAAGT
CAAGAT-3' and 5'-GCCCCATATGGTTTCAATG-3'.

DNA and cell manipulations. Plasmid and mammalian DNA purification,
DNA sequencing, bacterial transformation, and Southern blot analysis were
performed as described previously (3). Hirt supernatants were prepared as de-
scribed elsewhere (19). Cells were assayed for B-galactosidase activity by
trypsinizing and replating at very low (<5%) density. Cells were allowed to
reattach for 12 h prior to staining. Detection of B-galactosidase by 5-bromo-4-
chloro-3-indolyl-B-p-galactoside staining and o-nitrophenyl-B-p-galactopyrano-
side assays were performed as described previously (3). Cells were transfected by
the CaPO, method (56) and infected with wild-type AAV or rAAV as described
elsewhere (23). In experiments in which both plasmid and viral DNAs were
introduced, the cells were first transfected with the plasmid. After 8 h, the
medium was changed and the virus was added.

DNA fragments used for transfection were isolated after digestion of 1 ug of
plasmid DNA with the appropriate restriction enzyme and fractionation on an
agarose gel. The DNA fragment was cut out of the gel and extracted by using
Geneclean (Biol01, Vista, Calif.). Single-cell clones were isolated by flow cy-
tometry on a FACS Vantage (Becton Dickinson, San Jose, Calif.). Inverse PCR
was performed as described previously (40) after digestion of the genomic DNA
with the enzyme PstI and ligation under dilute conditions. The PCR products
were cloned by using a TA cloning kit (Invitrogen, San Diego, Calif.). FISH was
performed as described previously (52). Probes were labeled by the random
priming method (14).

PCR based assay for site-specific integration. For each assay, 5 X 10° cells
were either infected with AAV or transfected with 1 pg of plasmid DNA. After
2 days in culture, total genomic DNA was extracted from the pool of cells. An
aliquot of DNA corresponding to 10* human genomes was used in a PCR. The
PCR mixture also contained 1X Tagq buffer (10 mM Tris CI [pH 8.3], 1.5 mM
MgCl,, 50 mM KCl), 2 uM each primer, 200 uM deoxynucleoside triphosphate,
and 1 U of Taq polymerase. The cycling conditions were 94°C for 3 min, followed
by 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min. The PCR
mixture was transferred to a Zeta Probe membrane (Bio-Rad, Hercules, Calif.)
by using a dot blot apparatus and hybridized to an AAVSI probe according to
the manufacturer’s protocol. The probe was a random-primed >P-labeled PCR
fragment (14) generated in a reaction with 0.1 pug of human genomic DNA as
template and primers 79 and 80. Amplification conditions were as described
above. The cycling conditions were 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s,
repeated 35 times.
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Immunoblotting analysis. Two days after transfection, approximately 10° cells
were trypsinized and pelleted. Cells were lysed in 50 mM Tris (pH 7.5)-1 mM
EDTA-0.15 M NaCl-1% sodium deoxycholate-0.1% sodium dodecyl sul-
fate-1% Nonidet P-40-1 mM phenylmethylsulfonyl fluoride. Protein concentra-
tions were determined by the bicinchoninic acid protein assay (Pierce, Rockford,
IIl.), and 1 to 10 p.g of protein was analyzed. Proteins were fractionated on a 10%
polyacrylamide gel (3). The protein was transferred to a nitrocellulose mem-
brane by using an electroblotting apparatus (Hoefer, San Francisco, Calif.), and
the membrane was blocked with 5% nonfat milk (3). The membrane was incu-
bated with a mouse monoclonal antibody directed against AAV Rep proteins
(American Research Products, Belmont, Mass.) followed by anti-mouse im-
munoglobulin-linked horseradish peroxidase antibody (Amersham, Arlington
Heights, I1.). Chemiluminescence detection was performed with the ECL system
(Amersham).

Recovery of integrated plasmid DNA. Ten micrograms of genomic DNA was
digested with the restriction enzyme HindIII and fractionated on an agarose gel.
All DNA fragments in the 10- to 25-kb size range were cut out of the gel and
extracted by the phenol method (34). The DNA was ligated and used to trans-
form bacteria, selecting for carbenicillin resistance. Comparison of restriction
maps of the recovered plasmid and of the genomic region containing the inte-
grated plasmid verified that no rearrangements had occurred during recovery.

RESULTS

Site-specific integration of AAV sequences is Rep depen-
dent. A rapid assay for integration at AAVS1 was developed
for identifying constructs capable of site-specific integration
(Fig. 1A). The template for this PCR-based assay was genomic
DNA extracted from an unselected pool of cells that had been
infected or transfected with AAV-derived constructs. One
primer from the AAVSI region and a second primer from the
integrating DNA were used for amplification. AAV integration
occurs in a region spanning at least 100 bp in AAVSI, and so
we expected the PCR products to be heterogeneous in size (15,
47). Therefore, all specific amplification products, irrespective
of size, were detected by dot blot hybridization using an
AAVSl1-derived probe situated immediately adjacent to the
AAVSlI-specific primer.

Analysis of 293 cells infected by wild-type AAV at different
multiplicities of infection (MOIs) was used to verify the utility
of this assay (Fig. 1B). Primers from different portions of the
ITR (81 and 100) in combination with AAVS1-specific primers
(80 and 107) produced positive signals. No signal was detected
from either infected or noninfected cells with only the AAVS1
primer (primer 80) (data not shown). A faint signal was de-
tected with a single ITR-specific primer (primer 81) only in
infected cells. This signal may have resulted from two integra-
tion events on either side of the AAVSI1 region that is used as
a probe. The limits of detection of this assay were determined
by a mixing experiment using uninfected 293 cells and 293/
WTAAYV cells containing an AAV integration at AAVS1
which produced a positive signal in the PCR assay. These cells
were mixed in various proportions, but the total number of
genomes assayed was kept constant at 10*. A positive signal
could readily be detected with as few as 0.1% (10 in 10%)
293/WTAAV genomes (Fig. 1C).

An rAAV vector in which all viral sequences except the
ITRs had been replaced by a CMV-lacZ fusion gene was ex-
amined for the ability to integrate at AAVS1. No evidence for
site-specific integration was observed when this vector was
infected at an MOI of 10° (Fig. 1B). However, in cells trans-
fected with the rep-expressing plasmid pRep or pRepCap and
subsequently infected with the rAAV vector at an MOI of 10°,
site-specific integration was readily detected. This finding in-
dicated that the rep gene delivered in trans could direct the
integration of the rAAV vector to AAVSL.

AAV sequences contained in plasmids were then analyzed
for site-specific integration. First, the AAV provirus pAAV
was transfected and produced a positive signal (Fig. 1B). Two
derivatives of pAAV each containing a mutation in one of the
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FIG. 1. PCR assay for the detection of integration at AAVSI. (A) Diagram
showing the components of the assay. AAV or any ITR-bound sequence is
integrated at AAVS1. The open box indicates the AAV coding region or other
marker gene. The boxed arrowheads represent the AAV ITRs. The primers used
in the PCR analysis are indicated by the arrows with the associated numbers.
Primers 81 and 100 are derived from the AAV ITR. Primers 79, 80, and 107 are
derived from AAVSI. The probe, generated by using primers 79 and 80, spans a
297-bp region in AAVSI. (B) Site-specific integration of various DNA mole-
cules. 293 cells were infected and/or transfected with the viruses or plasmids
indicated. The structures of the transfected DNAs are described in Materials and
Methods. Three different MOIs of wild-type AAV were tested. The rAAV was
infected at an MOI of 10°. All MOIs are expressed as the number of single-
stranded genomes per cell, and all viral preparations were assayed by quantita-
tive dot blot hybridization. One microgram of plasmid DNA was used in the
transfections. Genomic DNA was prepared, and 10* genomes were used as a
template in a PCR with an AAV-derived and AAVS1-derived primer (80-81 or
100-107). The products were immobilized on a filter membrane and hybridized
with the AAVS1 probe. WT, wild type. (C) Mixing experiments to determine the
sensitivity of the PCR assay. Various ratios of 293 cells and 293/WTAAV cells,
in which AAV is integrated at AAVS1, were mixed and DNA was prepared
from a total of 10* cells. The number of 293/WTAAYV cells in each sample is
indicated.

AAV open reading frames were tested. A 1-kb deletion in the
cap gene did not prevent site-specific integration of the result-
ing provirus (pAAVM1) (Fig. 1B). In contrast, a frameshift
mutation in the rep gene, which affected all four Rep proteins
(PAAVM?2), abolished site-specific integration. Site-specific in-
tegration of pAAVM2 could be restored by cotransfection with
plasmid pRepCap. These experiments indicated that the Rep
but not the Cap proteins are required for site-specific integra-
tion. The ability of the Rep proteins to direct plasmid integra-
tion at AAVS1 was also demonstrated by transfection experi-
ments with two plasmids: one containing a CMV-lacZ fusion
gene flanked by AAV ITRs (p2ITRlacZ); and either pRep or
pRepCap. Site-specific integration of plasmid p2ITRlacZ was
observed when cells were transfected with pRep or pPRSVRep-
Cap, but upon transfection with the negative control plasmid
pBSII, integration at AAVS1 was not observed (Fig. 1B).
Rep increases the number of cells showing long-term expres-
sion. The PCR assay demonstrated site-specific integration but
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TABLE 1. Effect of the Rep protein on long-term expression
from an ITR-containing plasmid

J. VIROL.

TABLE 2. Effects of different rep constructs on long-term
expression and site-specific integration

% B-Galactosidase-positive cells® at
Plasmids

% B-Galactosidase-

p2ITRlacZ + pBSII
p2ITRlacZ + pRSVRepCap 95.6 46.8

indicated day after transfection rep plasmid positive cells* PCR assay
2 5 § 13 20 27 35 41 pBSIL 0.5 -
. . "
951 420 106 13 07 19 05 14 ggﬁ’v(ggg ope) i +
112 82 50 59 66 50 peVRepCap o2 +
pPGKRep 5.3 +

“ An aliquot of 293 cells from the transfected pool was removed and stained
for B-galactosidase activity. For each sample, 300 cells were examined.

provided no information about expression of the integrated
DNA. Therefore B-galactosidase expression was examined af-
ter cotransfection of p2ITRlacZ with pRSVRepCap or the con-
trol plasmid pBSII. Mixing experiments using B-galactosidase-
positive and -negative cells showed no changes in ratios after
prolonged culturing, demonstrating that B-galactosidase ex-
pression has no effect on growth rate (data not shown). After
2 days, 95% of the cells were B-galactosidase positive in both
pools, but this number declined rapidly (Table 1). After 13
days, in the pool of cells not receiving rep, 2% or less of the
cells were B-galactosidase positive. In contrast, in the cells
transfected with pPRSVRepCap, 5 to 10% were B-galactosidase
positive, and this level was maintained for at least 41 days. This
increase most likely resulted from more efficient integration of
the lacZ gene in the rep-transfected population, yielding a
higher percentage of stable B-galactosidase-expressing cells.
Alternatively, the Rep proteins may somehow have stabilized
the p2ITRlacZ episomal DNA.

The effects of different Rep protein levels on long-term
B-galactosidase expression were evaluated by using plasmids
containing the rep gene in which the wild-type p5 promoter had
been replaced by various heterologous promoters. First, the
levels of Rep proteins produced by these fusion genes were
determined 2 days after transfection by Western blot analysis
(Fig. 2). The wild-type gene on plasmid pRepCap produced
primarily the smaller, Rep52 and Rep40, proteins (lane 2),
with lesser amounts of the larger, Rep78 and Rep68, proteins,
a profile similar to that obtained from the wild-type virus (lane
6). In contrast, all of the rep genes with heterologous promot-
ers (CMV, RSV, and PGK) produced the large Rep proteins in

0‘3Q

R R 0

L SELLS

FLLES ¢

JT QT
kDa
—118
—86

-

FIG. 2. Western blot analysis of Rep expression from different constructs.
Wild-type (WT) AAV (MOI of 10°) was infected or rep-containing plasmids (1
ng) were transfected into 293 cells, and after 2 days cell lysates were prepared.
Each lane contains 10 wg of protein except for the pCMVRep sample, which
contains 2 g of protein. Cells transfected with pBSII were used as a negative
control. Positions of size markers are indicated at the right.

¢ Plasmid p2ITRlacZ was cotransfected with the plasmids indicated, and cells
were assayed for B-galactosidase expression 3 weeks after transfection. For each
sample, 300 cells were examined. Each value is an average of two independent
experiments.

greater abundance. pCMVRep (lane 5) yielded the highest
amount of large Rep proteins (this lane contains one-fifth the
total protein of the other lanes), followed by pRSVRepCap
(lane 4) and pPGKRep (lane 3). In a time course analysis of
Rep protein expression from all constructs, production peaked
at 2 days after infection or transfection and then slowly de-
clined (data not shown).

In transfection experiments with p2ITRlacZ and plasmids
containing these rep constructs, little difference in long-term
B-galactosidase expression was observed (Table 2). All rep
constructs yield between 3.3 and 6.2% B-galactosidase-positive
cells. A positive signal from the PCR assay was observed when
p2ITRlacZ was transfected with each of the rep constructs
(Table 2). In agreement with these results were those of an
experiment in which the level of the p2ITRlacZ plasmid was
fixed (1 pg) and the amount of pRSVRepCap was varied (0.1,
1.0, and 10.0 pg): no difference in long-term B-galactosidase
expression was observed (data not shown). The results suggest
that the levels of Rep proteins produced in these experiments
do not dramatically affect long-term expression from an ITR-
containing plasmid.

The contribution of the individual Rep proteins to the site-
specific integration reaction was examined by using constructs
engineered to express only one of the Rep proteins. Western
blot analysis verified that each construct expresses a single Rep
protein (Fig. 3A). Each of these plasmids was transfected with
plasmid p2ITRlacZ, and site-specific integration was analyzed
by using the PCR assay (Fig. 3B). Both of the large Rep
proteins could mediate integration at AAVS1, whether ex-
pressed from the CMV or from the pS promoter. In contrast,
no evidence of site-specific integration was observed with the
small Rep proteins.

cis-acting sequences and site-specific integration. The im-
portance of the ITR sequences for site-specific integration and
long-term expression was examined. Plasmids with one or two
ITRs behaved identically in the PCR and long-term expression
assays. We constructed a derivative of plasmid p2ITRlacZ
which was identical to the parental plasmid except that one of
the two ITRs was deleted (p1ITRlacZ). After cotransfection
with pRSVRepCap, each plasmid produced a signal in the
PCR assay and similar percentages of blue cells in long-term
B-galactosidase assays (Fig. 4 and Table 3). Surprisingly, a
control plasmid containing no ITR sequences (pOITRlacZ)
yielded a signal in the PCR assay after cotransfection with
pRSVRepCap when primers from the plasmid backbone and
AAVSI1 were used (Fig. 4). In addition, gel-purified fragments
of 370 bp from the DHFR gene or 1,113 bp from the lacZ
gene also produced a signal when the DHFR-AAVSI1 or
lacZ-AAVSI primer set was used, respectively. The signal was
observed only when the fragments were transfected with a
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FIG. 3. (A) Western blot analysis of the individual Rep-expressing plas-
mids. The CMV promoter-driven (pPCMVR78, pCMVR68, pCMVRS52, and
pCMVR40), p5 promoter-driven (pSR78 and pSR68), and p19 promoter-driven
(p19R52 and p19R40) constructs were transfected into 293 cells, and after 2 days
lysates were prepared. Plasmid pRepCap, which expresses all four Rep proteins,
was used as a control. Five micrograms of protein prepared from cells transfected
with the p5- or p19-driven constructs or 1 pg of protein prepared from cells
transfected with the CMV-driven constructs was loaded in each lane. (B) De-
tection of integration at AAVSI1. Plasmid p2ITRlacZ and the rep expression
plasmids were cotransfected into 293 cells. Genomic DNA prepared from the
cells was analyzed as described for Fig. 1B. Cells cotransfected with pAAV and
p2ITRIacZ were used as a positive control. Cells cotransfected with a plasmid
lacking a rep expression cassette and p2ITRlacZ were used as a negative control.

rep-containing plasmid. In the absence of Rep proteins, a pos-
itive signal was never observed. Mixing experiments demon-
strated that integration of non-ITR-containing sequences at
AAVSI was a rare event, occurring 10- to 100-fold less fre-
quently than with ITR-containing sequences (data not shown).
Differences were observed between plasmids with and without
ITRs in long-term B-galactosidase assays. A 10-fold increase
in B-galactosidase-positive cells was obtained after cotrans-
fection of pRepCap and p2ITRlacZ or plITRlacZ compared
to pRepCap and pOITRlacZ (Table 3). Thus, the ITR was not
essential for site-specific integration but did increase the per-
centage of cells showing long-term expression when trans-
fected with a rep-expressing plasmid.

Analysis of clones expressing 3-galactosidase. Cells express-
ing B-galactosidase were analyzed in greater detail after the
isolation of single-cell-derived clones. The clones were isolat-
ed without selection from two independent pools of cells 4
days after cotransfection with plasmids pRSVRepCap and
p2ITRlacZ, using flow cytometry to isolate single cells. After

pBSli

pRSVRepCap . . ® » 9

FIG. 4. cis-acting sequences required for site-specific integration. Plas-
mids or DNA fragments were transfected with either control plasmid pBSII
or pRSVRepCap. The PCR assay was carried out as described for Fig. 1B. One
primer used in the assay was 107 from AAVSI, and the second was specific for
the integrating DNA (described in Materials and Methods).
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TABLE 3. Long-term expression from plasmids
with zero, one, and two AAV ITRs

lacZ % B-Galactosidase-positive cells?
plasmid pBSII PRSVRepCap
pOITRlacZ 1.0 0.3
plITRlacZ 0.4 7.4
p2ITRlacZ 0.7 6.2

“ The lacZ-containing plasmids were cotransfected with either the pBSII con-
trol plasmid or pRSVRepCap. Cells were assayed for B-galactosidase activity 3
weeks after transfection. For each sample, 300 cells were examined. Each value
is an average of two independent experiments.

expansion, an aliquot from each clone was examined for -
galactosidase expression. Four of seven and three of 22 clones
obtained from the two pools were positive for B-galactosidase
expression. Note that the 57% positive cells from the first pool
was unusually high compared to the percentage typically ob-
tained (Table 1). A pool of cells transfected with p2ITRlacZ
and pBSII yielded no B-galactosidase-positive clones from a
total of 22 tested. Among the positive clones, the expression
level of B-galactosidase was stable even after 2 months of
growth, as determined by o-nitrophenyl-p-D-galactopyranoside
assays (data not shown).

DNA hybridization was used to analyze the seven (-galac-
tosidase-positive clones. Genomic DNA from each clone was
digested with restriction enzyme Hindlll, an enzyme that has
no recognition site in AAVS1 or plasmid p2ITRlacZ. The
DNA was hybridized with probes from the AAVSI region, the
rep gene, the CMV-lacZ cassette, and the plasmid backbone
from p2ITRIlacZ. The seven clones fell into two categories
(Table 4). Six of the clones contained no rep sequences but hy-
bridized to both the CMV-lacZ and plasmid backbone probes,
suggesting that the provirus did not excise from the plasmid
prior to integration. This was confirmed by an additional digest
with Spel, which cuts once within plasmid p2ITRlacZ, followed
by hybridization with the CMV-lacZ probe. All but one of the
clones produced a band identical in size to plasmid p2ITRIacZ,
indicating that at least one entire copy of the plasmid had been
integrated (data not shown). The six clones also showed at least
one band in addition to the band from the wild-type AAVSI1
region, suggesting that rearrangements of this locus had oc-
curred (Fig. 5). In the seventh clone, hybridization analysis sug-
gested that a concatemer of p2ITRlacZ and pRSVRepCap had
integrated at a site other than AAVSI. The rep, lacZ, and bac-
terial DNA probes all hybridized to a single band of the same

TABLE 4. DNA hybridization analysis and rescue analysis
of the B-galactosidase-positive clones

Hybridization” with probe for:
Clone Rescue”
AAVS1 lacZ pBR322 rep

+

NN B W=
++ 4+ ++
R T e
i
|
L+t

“ For the AAVSI1 probe, + indicates the presence of at least one band in
addition to the band present in 293 cells. For the lacZ, pBR322, and rep probes,
+ indicates the presence of at least one hybridizing band.

? + indicates the presence of a 4.7-kb sequence in the Hirt supernatant that
hybridized with the lacZ probe.
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FIG. 5. DNA hybridization analysis of B-galactosidase-positive clones, using
an AAVSI probe. Genomic DNA was prepared from the seven B-galactosidase-
positive clones; 10 pg was digested with HindIII, fractionated, and hybridized
with an AAVS1 probe. 293, untransfected 293 cells. The wild-type fragment (W)
is more intense than the other hybridizing bands because there are four copies of
chromosome 19 in 293 cells.

molecular weight (data not shown). Only the wild-type AAVS1
fragment was observed in this clone (Fig. 5). Five B-galactosi-
dase-negative clones from the p2ITRlacZ-pRSVRepCap trans-
fection were analyzed in a similar manner. One of the clones
contained plasmid backbone sequences, but no lacZ or rep
sequences or rearrangements of AAVS1 were detected (data
not shown). None of the 12 clones produced a positive signal in
the PCR assay.

The ability of the lacZ sequences to be rescued was exam-
ined in the B-galactosidase-positive clones. The clones were
transfected with a rep-containing plasmid, pRep, and subse-
quently infected with adenovirus. Hirt supernatants prepared
from the clones were fractionated on a gel and hybridized with
a lacZ probe. Six of the seven clones produced a 4.7-kb se-
quence that hybridized with the probe, the size expected for a
sequence containing the CMV-lacZ gene flanked by ITRs (Ta-
ble 4). Larger sequences, which presumably represent multim-
ers of the 4.7-kb unit-length fragment, were also detected in
the preparations from the six clones.

The location of the integrated p2ITRlacZ plasmid was de-
termined by FISH in five of the B-galactosidase-positive clones
with a rearrangement at AAVSI1 (Fig. 6). Metaphase chromo-
some spreads were hybridized with probes derived from plas-
mid p2ITRlacZ, AAVSI1, and the DNA ligase gene (also lo-
cated at 19q13). In two of the clones, the plasmid was localized
to 19q13 at or near the AAVSI locus. In one of the clones, the
plasmid was located on the other arm of chromosome 19; in
two clones, the plasmid was found on another unidentified
chromosome.

Structure of the integrated lacZ sequences. The structure of
the integrated DNA was determined in one of the clones in
which the lacZ gene was localized to AAVS1 by FISH analysis.
DNA hybridization suggested that the entire plasmid, includ-
ing the bacterial replication origin and (-lactamase selectable
marker, was present on a single HindIII fragment. Therefore,
genomic DNA was digested with HindIIl, diluted, ligated, and
then used to transform E. coli. One plasmid recovered was
analyzed and found to contain approximately 1.7 copies of
p2ITRlacZ (Fig. 7). At one of the junctions, the lacZ and
AAVSI1 sequences were juxtaposed. In AAVSI, the crossover
was at a position 2 bp from the RBS. With respect to the
plasmid, the junction was more than 1 kb from the nearest

J. VIROL.

RBS in a region bearing no homology to the region of AAVS1
involved in the crossover.

At the other junction, it appeared that DNA from three
different regions was present (Fig. 7). Unique genomic DNA
was joined to a sequence with homology to the repetitive Alu
element which was juxtaposed to plasmid sequence. The junc-
tion in the plasmid occurred adjacent to an RBS present in the
ITR. Joined to the plasmid was 20 bp of sequence with homol-
ogy to the internal portion of an Alu element (8). This se-
quence was joined to unique DNA which did not originate
from the sequenced portion of AAVS1 and had no homology
to known sequences. Using inverted PCR, we cloned this DNA
and the flanking sequences from the preintegration site in the
parental 293 cell line. A sequence with homology to an Alu
repeat was not found adjacent to this DNA in 293 cells. This
finding suggested that the junction resulted from two cross-
overs, one between this unknown genomic DNA and an Alu
element and one between the Alu sequence and the plasmid.
Alignment of the sequences involved in the recombination
revealed small regions of homology adjacent to the junctions.
Interestingly, one small region of homology was the sequence
GAGGC, the tetramer that forms the RBS.

DISCUSSION

In this study, we achieved site-specific integration of plasmid
DNA into the human genome by using components of AAV.
We demonstrated that integration of a plasmid at AAVS1
requires the presence of the AAV rep gene which may be
provided either in cis or trans. In the presence of Rep proteins,
long-term expression of a lacZ gene on an ITR-containing
plasmid was increased 5- to 10-fold, to a level which allowed
direct isolation of B-galactosidase-positive clones in the ab-
sence of selective pressure. The analysis of several clones sug-
gested that the entire plasmid had been integrated in a tandem
arrangement. In two of the five clones, the integration of the
lacZ plasmid was at or near AAVS1 on chromosome 19. The
structure of the integrated plasmid and flanking sequence was
determined in one of the clones and indicated a complex mech-
anism of insertion producing genomic rearrangements.

We believe that the increase in long-term B-galactosidase
expression in the presence of the rep gene reflects an increase
in levels of integration stimulated by Rep. The integrated lacZ
gene could then be passed on to all progeny with fidelity. A
recent study has shown that a recombinant AAV vector, trans-
duced into monkey bronchial epithelial cells, can be main-

FIG. 6. FISH analysis of B-galactosidase-positive clones. Metaphase chromo-
some spreads prepared from two clones were analyzed by FISH. The green
fluorescence indicates the p2ITRlacZ probe, and the red fluorescence indicates
the AAVSI probe. These clones as well as the untransfected 293 cell line contain
four copies of chromosome 19. In panel A, the p2ITRlacZ sequence colocalizes
with the AAVS1 locus on one homolog; in panel B, the p2ITRlacZ sequence is
present on a different chromosome.
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Hind 1l ori amp

cMmv

lacZ
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i junction
ori amp ¢ Hind HI

Zn

CMV JacZ

Left junction TCACAGGGGAAGGGAGAATggattacaggcctgagecacGCGCAGCTGCATTAATGAATC

Left genomic DNA TCACAGGGGAAGGGAGAA
Alu tcggcctcccaaagtgct
p2ITRlacZ

TCGTAGGCCCAAGCAGCAGCTGTGCTGGGCCCATA

ccggecagaaaggect

GCTGCATTAATGAATC

[
TTTAACCGCCAGTCtgggcgggcgg Right junction
TTTAACCGCCAGT

———— ———
getegetegetegatgggegggegg  AAVSI
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FIG. 7. Structure of the region containing plasmid p2ITRlacZ integrated at AAVS1. At the top is shown the structure of plasmid p2ITRlacZ and the AAVSI region.
Below is shown the structure of the integrated DNA in the AAVSI region. The various portions of the plasmid are indicated. The open box is the sequenced portion
of AAVSI. The boxed arrowheads represent the AAV ITRs. At the bottom the sequence of the junctions are aligned with the sequence of the parental molecules. The
vertical lines indicate the apparent crossover points (in some cases the exact point is ambiguous). The GAGC repeats present at the RBS of the ITR or AAVSI are
overlined by arrows. The short regions of homology present adjacent to the crossover point in the parental molecules are indicated by the shaded boxes. Chr.,

chromosome.

tained for at least 3 months in episomal form (2). This appears
not to be the case in the clones that we examined, as FISH
analysis demonstrated that the plasmid DNA sequences were
associated with the metaphase chromosomal DNA.

Although the sample size is small, the frequency of site-
specific integration that we observe in this system is somewhat
lower than that determined for wild-type AAV and other AAV
constructs. In a study of bronchial epithelial cells, in 94% of the
cells containing an integrated wild-type AAV, the virus was
mapped to chromosome 19 by FISH (22). In another survey by
Kotin et al. (28), approximately 70% of the latently infected
cell lines contained AAV at AAVSI. In a recent study of AAV
proviral plasmids, 75% were integrated at AAVSI (49). How-
ever, in the latter two studies, rearrangements at AAVS1 were
used as a measure of site-specific integration, and our results
demonstrate that this may produce an overestimate (see be-
low). The virus used in the first two studies may more effi-
ciently integrate at AAVSI than the ITR-containing plasmid
because of either the presence of free ends or the presence of
ITRs at the ends. It is also possible that some internal AAV
sequences, which are entirely absent in plasmid p2ITRlacZ,
help to promote integration at AAVSI. This possibility is sup-
ported by the observation that the AAV p5 promoter sequence
(which contains an RBS) is frequently observed at the recom-
binant junctions and may play some role in the integration
reaction (15).

The fact that the two clones that contain an integration
event at AAVSI1 did not produce a positive signal in the PCR
assay was not unexpected and points out a shortcoming of the
assay. The limitation of the size of a sequence that can be

amplified places many constraints on the structure of the in-
tegrated DNA that will produce a positive signal. The site of
the integration in AAVSI, as well as the distance and position
of the AAV ITR with respect to the junction, will determine if
a PCR product is made. Frequently the viral junction is not at
an ITR but at some internal sequence (15). Due to these
constraints, many cells that actually contain a site-specific in-
tegration event will appear negative in the assay. The use of
long-distance PCR techniques or additional primers might par-
tially overcome this problem.

Although the Rep proteins are required for site-specific
integration and increased long-term expression, it is not clear
from our results whether only site-specific integration is in-
creased or whether Rep also contributes to random integration
as well. Based on the ability of Rep to bind highly degenerate
RBS, we suspect the Rep may also promote random integra-
tion or integration at sites with only slight resemblance to the
wild-type RBS (12). All activities required for site-specific in-
tegration appear to reside in the large Rep proteins. Using
constructs that express each one of the four Rep proteins
individually, we readily detected integration at AAVSI in the
presence of Rep78 or Rep68, but no site-specific integration
was detected with the smaller Rep proteins. Similar results
were obtained when other Rep activities, such as in vitro rep-
lication (39), DNA binding (11, 42, 55), and endonuclease
activity (21), were examined and found to reside in the large
Rep proteins.

One unexpected result was the detection of site-specific in-
tegration in the PCR assay using a substrate without any por-
tion of an ITR sequence. We believe that two factors contrib-
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uted to this result: the ability of the Rep proteins to bind DNA
sequences with little resemblance to an RBS and the high
degree of sensitivity of the PCR assay. In vitro binding studies
have demonstrated that low-affinity Rep binding will occur
with any sequence containing a single GAGC followed by a run
of G’s (12). Such a pattern can be found in each of the non-
ITR-containing sequences that we tested. These fragments
could have been bound by Rep, albeit inefficiently, and then
integrated at AAVSI. A lacZ fragment that contained no ap-
parent Rep binding site did not produce a positive signal in the
assay (16). Since the PCR assay could detect integration events
in 0.1% (10 positives in 10* cells) of the population, even rare
events could yield a positive signal in this assay. Other assays
used to detect integration at AAVSI, such as DNA hybridiza-
tion or FISH analysis, would not be expected to detect such
rare events.

The B-galactosidase-positive clones displayed an inconsis-
tency between the results of the DNA hybridization and FISH
analyses. In six clones examined by DNA hybridization, a re-
arrangement at AAVS1 was observed, suggesting that the lacZ
plasmid had integrated at that location. However, when five of
these clones were analyzed by FISH, only two showed integra-
tion at or near AAVS1. One possible explanation is that inte-
gration of the plasmid at AAVS1 may be an unstable interme-
diate in the integration process. Initially one or both ends of
the plasmid may be joined to AAVS1 sequences, but perhaps
as a result of strand switching, which is thought to be important
in the integration reaction (24, 33), the plasmid may ultimately
integrate at another locus. However, the formation of this
intermediate may result in rearrangements at AAVS1. Alter-
natively, the rearrangements may be independent of any inte-
gration event and may result solely from the activity of the Rep
proteins. We have demonstrated that infection of wild-type
AAV or transfection of a plasmid containing a CMV-rep fusion
gene can produce rearrangements at AAVS1 in the absence of
integration (16).

In most of the B-galactosidase-positive clones, the entire
plasmid had integrated and did so as tandem repeats. This was
verified in the one clone that was analyzed in detail and sug-
gested by DNA hybridization analysis of the other clones.
Thus, the AAYV provirus portion of the plasmid was not excised
prior to integration, although the plasmid represents a sub-
strate from which AAV can be rescued (32, 44). This is in
contrast to a previous study of AAV-containing plasmids in
which no plasmid backbone was detected in five of the six
clones with integrated AAV sequence (49). The reason for this
difference is unknown. Two groups observed 2 to 20 tandem
repeats of the AAV genome after transduction of an AAV
vector or AAV, and like the integrants that we examined, these
proviruses could be rescued upon addition of the appropriate
helper viruses (10, 36). Head-to-tail arrangements of inte-
grated AAV were also observed in the episomal Epstein-Barr
virus model system (15). The mechanism that generates these
tandem repeats is unknown and may result from replication or
recombination of the integrating DNA prior to or during in-
tegration. A rolling circle mechanism has been proposed for
the viral integrants, and for our plasmid integrants it seems
especially plausible since the plasmid template is already cir-
cular (15, 31, 36). It is clear that the mechanism that generates
these structures is independent of normal AAV replication
which generates head-to-head or tail-to-tail repeats (5, 18, 53).

The plasmid-genome junctions in the clone that we analyzed
show many structural similarities to those generated by wild-
type AAV. With respect to the viral junctions, it was frequently
observed that one junction was in or adjacent to the ITR while
the second was at some AAYV internal sequence (15, 25, 31).

J. VIROL.

With respect to the chromosome, one junction was frequently
at or near the RBS in AAVSI. Interestingly, in studies using
the Epstein-Barr virus shuttle system, when one chromosomal
junction was in AAVS], the second was never in AAVS1 but in
some vector sequence or a sequence unrelated to the vector
(15). Finally, a single junction which resulted from two recom-
bination events has also been associated with AAV integration
(26). One recombination event between two sequences within
AAVSI resulted in a rearrangement of this region, and a
second event generated the junction between AAV and
AAVSI1. The structures of all of these junctions suggests a
mechanism in which the formation of one viral and one chro-
mosomal junction is tightly constrained while the second oc-
curs randomly.

All of the experiments described in this report were carried
out in 293 cells, which constitutively express the adenovirus
Ela protein. The Ela protein activates rep gene expression (9),
so that the results obtained in this cell line may not be typical
of other human cells. Although our studies indicate that the
efficiency of the integration reaction is not influenced by levels
of Rep protein, we are presently examining this reaction in
K562 and CEM-A cells. Preliminary experiments indicate that
Rep protein also increases the efficiency of integration of ITR-
containing sequences in these cell lines, and clones that appear
to contain integration events at AAVSI are now being ana-
lyzed (37).

This study demonstrates the feasibility of using components
of AAV to mediate the nonviral, site-specific integration of
DNA into the human genome. Although several interesting
aspects of the mechanism were revealed, many questions about
this system remain. The utility of this system as a research tool
and as a new approach to gene therapy will depend on our
ability to increase the efficiency of the integration reaction and
minimize unwanted genomic rearrangements.
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